Previous studies have shown that the combined presence of two cytochrome P450 enzymes (P450) can affect the function of both enzymes, results that are consistent with the formation of heteromeric P450-P450 complexes. The goal of this study was to provide direct evidence for a physical interaction between P450 1A2 (CYP1A2) and P450 2B4 (CYP2B4), by determining if the interactions required both enzymes to reside in the same lipid vesicles. When NADPH-cytochrome P450 reductase (CPR) and a single P450 were incorporated into separate vesicles, extremely slow reduction rates were observed, demonstrating that the enzymes were anchored in the vesicles. Next, several reconstituted systems were prepared: (1) CPR/CYP1A2, (2) CPR/CYP2B4, (3) a mixture of CPR/CYP1A2 vesicles with CPR/CYP2B4 vesicles, and (4) CPR/CYP1A2/CYP2B4 in the same vesicles (ternary system). When in the ternary system, CYP2B4-mediated metabolism was significantly inhibited, and CYP1A2 activities were stimulated by the presence of the alternate P450. In contrast, P450s in separate vesicles were unable to interact.
The cytochrome P450 gene superfamily is comprised of a diverse array of monooxygenases that are expressed in virtually all species and involved in both xenobiotic and endogenous compound metabolism (1, 2) . Mammalian liver expresses at least ten different P450 enzymes that are primarily involved in the metabolism of xenobiotics (3) , with activation of the orphan nuclear receptors by xenobiotics influencing the relative levels of these enzymes in a tissue-specific manner (4) . The mixed function monooxygenation reactions catalyzed by the P450 enzymes require electrons that are primarily provided by a separate redox partner, NADPH cytochrome P450 reductase (CPR) (5) .
One feature of the P450 system in the liver is that the P450 enzymes are 10-to 20-fold more abundant than the CPR (6) . The physiologic rationale for the apparent limit in the abundance of the CPR is not understood. Furthermore, it is not known how the low CPR: P450 ratio influences metabolism by the different P450s.
It has been suggested that aggregation of the P450 enzymes may serve to minimize the effects of limiting CPR on P450-mediated metabolism. There is considerable evidence that the enzymes do aggregate in solution (7, 8) , in reconstituted systems with phospholipid (9, 10) , and in cellular systems (11) (12) (13) . Physical methods to estimate the size of P450 complexes in solution (e.g. size exclusion chromatography and sucrose density centrifugation) have generated measurements consistent with aggregates of 6 to 20 enzyme units, depending on experimental conditions (9, 10, 14) . Other evidence for the intermolecular association of P450 enzymes has come from studies using detergents (7, 8) , fluorescent labels (15) (16) (17) , rotational diffusion (18) , and exposure to high pressure (19, 20) . Despite these studies, it is unclear whether the enzymes of the P450 system exist in the endoplasmic reticulum as functional monomers that interact with CPR or as components of higher order complexes (21) .
One intriguing aspect of P450 enzyme aggregation is the possibility that the association of different P450 enzymes in a multi-enzyme complex may affect the catalytic function of the constituent enzymes. This effect was first reported by examining the effect of the interaction of CYP1A2 and CYP2B4 on the metabolism of 7-pentoxyresorufin (7PR) and 7-ethoxyresorufin (7ER) (21, 22) . Interestingly, when the CPR concentration was limiting and both P450 enzymes were present together in a mixed reconstituted system, the metabolism of the CYP1A2-selective substrate 7-ER was stimulated, whereas that of the CYP2B4-selective substrate 7PR was strongly inhibited. Detailed kinetic analysis showed that the changes in 7-alkoxyresorufin metabolism in the presence of both P450 enzymes were not caused by a simple competition for the CPR but were consistent with the formation of a heteromeric CYP1A2-CYP2B4 complex (23) . Similar effects were also observed with CYP1A2 and CYP2E1, providing further evidence for the formation of a heteromeric P450 complex (24) . These complexes could be disrupted by an increase in the ionic strength of the buffer, suggesting that the interactions between the P450s were electrostatic in nature (23, 24) . Recently, a similar type of interaction also has been reported for CYP2C9 and CYP2C19 in which the activity of CYP2C9 is activated, whereas that of CYP2C19 is inhibited by the presence of the alternate enzyme (25) . Thus, it seems that some P450-P450 interactions may have an important role in the regulation of enzyme activity.
In order to assess the function and interactions of the P450 system, both CPR and the P450s need to be reconstituted into phospholipid. Early studies showed that of the various phospholipids examined, dilauroylphosphatidylcholine (DLPC) was particularly effective in supporting P450-dependent monooxygenase activities (26) . As a result of these studies, DLPC has commonly been used for reconstitution of P450 dependent activities; however, the conditions used by different laboratories are quite divergent with regard to (1) how the lipid is suspended prior to pre-incubation with proteins, (2) the lipid to protein ratio, (3) the duration of preincubation of proteins prior to measurement of enzyme activities, and (4) the concentration of the proteins in the preincubation mixture. Each of these parameters has been shown to affect the activity of the P450s in these systems (10, (27) (28) (29) . Additionally, with many of the standard methods for preparation of reconstituted systems, the proteins were not stably anchored in the membranes (9, 10, 30) .
We recently evaluated several methods used to prepare reconstituted systems and the effectiveness in which the enzymes were incorporated into the phospholipid bilayer (10) . Preparations where the proteins are preincubated with preformed vesicles permitted only partial anchoring of CPR and P450 into the membrane. However, when the phospholipids and proteins are solubilized in an anionic detergent, and the detergent subsequently removed by dialysis or gel filtration, the proteins are integrally incorporated into the lipid membrane (31, 32) . An easier and more rapid method for incorporation of CPR and P450 into phospholipid membranes has recently been reported, which uses adsorption of the detergent onto Biobeads as the method for detergent removal (29) . These procedures result in reconstituted systems where the proteins are integrally incorporated in the phospholipid bilayer.
The goal of the present study was to utilize this method for CPR and P450 incorporation into membranes to determine if the functional changes observed in reconstituted systems containing both CYP2B4 and CYP1A2 required both proteins to be present in the same vesicles. These studies showed that (a) the proteins were anchored in the membrane and that electron transfer to the P450 enzymes and their ability to metabolize substrates required the incorporation of both CPR and P450 in the same vesicle, and (b) CYP1A2 and CYP2B4 interactions were obtained only when both P450s were present in the same membrane, providing additional support that the alterations in substrate metabolism caused by the presence of multiple P450 enzymes required a physical interaction between these proteins. Finally, chemical crosslinking with bis(sulfosuccinimidyl) suberate (BS 3 ) provided evidence for the formation of physical complexes between CYP1A2 and CYP2B4 only when the enzymes were present in the same lipid vesicles.
Experimental Procedures
Materials: Bovine liver phosphatidylcholine (BPC) was purchased from Avanti polar lipids (Alabaster, AL). 7-ethoxyresorufin (7ER), 7-ethoxycoumarin (7EC), and DLPC were purchased from Sigma (St. Louis, MO).
7-ethoxy-4-trifluoromethylcoumarin (7EFC) was purchased from Molecular Probes (Eugene, OR). Benzphetamine was a gift from Upjohn (Kalamazoo, MI). p-Nitroanisole was purchased from Sigma-Aldrich (Milwaukee, WI). The P450GLO CYP1A2 assay kit was purchased from Promega (Madison, WI).
The antibody for CYP2B4 was purchased from Discovery Labware -Becton, Dickinson and Co. (Franklin Lakes, NJ), the antibody for CYP1A2 was provided by Dr. Kristopher Krausz (National Institutes of Health), and the anti-CYP1A2 antibody used for immunoprecipitation was purchased from Abcam (Cambridge MA). BS 3 was purchased from Pierce, Thermo-Scientific (Rockford, IL).
Enzyme sources: Rabbit NADPH cytochrome P450 reductase was expressed from a recombinant plasmid, containing the wild type cDNA insert in a vector using the T7 promoter, which was provided by Dr. Lucy Waskell (University of Michigan) and has been described previously (23) . Recombinant CYP2B4 was expressed and purified from E. coli as described previously (23) , and CYP1A2 was isolated and purified from β-naphthoflavone treated rabbit liver microsomes (33) . P450 levels were determined by measuring the carbon monoxy-ferrous complex (34) . After preparation, the enzymes were stored at -80 o C in a solution of 50 mM potassium phosphate (pH 7.4) and 20% (v/v) glycerol.
Preparation of lipid vesicles containing P450 enzymes and CPR in BPC: Three different types of vesicle reconstituted systems were prepared. Unless otherwise stated, all the systems were prepared at a 500:1 BPC:enzyme ratio. Simple reconstituted systems contained only one enzyme (CYP1A2, CYP2B4, or CPR) with the BPC. Binary reconstituted systems contained CPR and either CYP2B4 or CYP1A2 at a 0.6:1 CPR:P450 ratio (preparation of the vesicles typically resulted in less efficient incorporation of CPR than P450 enzyme; the final CPR:P450 ratio was approximately 0.5:1) (10, 29) . Ternary reconstituted systems contained CPR and equimolar concentrations of both P450 enzymes at a 0.6:1 CPR: total P450 ratio (again the final ratio after detergent removal was about 0.5:1).
CPR and P450 were incorporated into BPC vesicles using the DBB method that was described previously (29) . Briefly, bovine phosphatidylcholine was dissolved in chloroform; lyophilized overnight; and bath-sonicated until clarified in 250 mM HEPES (pH 7.5) containing 5% (w/v) of sodium glycocholate. The solubilized lipid solution (0.025 ml) was then mixed with the enzymes and MgCl 2 (to final concentrations of 5 μM and 15 mM, respectively) (29). Nitrogen was layered over the solution to prevent oxidation of the phospholipids, and the samples were gently inverted to mix the solutions after addition of the lipid-detergent mixture in 4 25 µl aliquots. After the entire detergent-lipid solution was added to the CPR and P450 enzymes, the mixture was incubated at 4 o C for 1 hr before adding 0.3 g of Biobeads SM-2, which was prepared as described (35) . The sample was rocked for 2 hr at 4 o C, and was washed twice with 0.05 M HEPES buffer (pH 7.5) containing 15 mM MgCl 2 , drawn into a syringe with a 32 gauge needle, and then filtered through a 5 micron syringe filter (Osmonics, Minnetonka, MN).
Reconstitution of P450 and CPR into preformed DLPC vesicles: Reconstituted systems of CPR and P450 in DLPC were prepared at a 0.5:1 CPR:P450 ratio and a 160:1 DLPC:P450 ratio. This ratio of DLPC:P450 has been previously shown to be optimal for catalytic activity (28) . For these preparations, the DLPC was suspended at a concentration of 8 mM in a solution of 50 mM potassium phosphate (pH 7.25), 20% (v/v) glycerol, 0.1 M sodium chloride, and 5 mM EDTA (36) . The DLPC suspension was bath-sonicated until clarified (about 20 min) before combining with CPR and P450. The P450, DPLC, and CPR were incubated at an elevated concentration (P450 concentration > 10 μM) for 2 hr at room temperature. After the 2 hr preincubation, the reconstituted system was diluted to the desired concentration with buffer and other assay components.
Enzymatic assays:
The rate of Ndemethylation of benzphetamine was determined by measuring the production of formaldehyde by fluorescence after the reaction with a modified Nash reagent (37) . The spectrofluorometer was set at excitation and emission wavelengths of 410 nm and 510 nm, respectively. The reactions (1 ml) contained the reconstituted system (0.075 μM CPR and 0.15 μM P450 for binary reconstituted systems, or 0.15 μM CPR and 0.15 μM CYP2B4 and 0.15 μM CYP1A2 for ternary reconstituted systems), and 500 μM benzphetamine in 25 mM potassium phosphate (pH 7.4). Reactions were initiated by the addition of NADPH to a final concentration of 0.4 mM, incubated at 37 o C for 5 min, and were terminated with 110 μl of a 0.1:1 mixture of 50 mM semicarbazide (the pH of the semicarbazide solution was adjusted to approximately 7.0 with an aqueous solution of sodium hydroxide before use):ZnSO 4 followed immediately by 100 μl of a saturated solution of barium hydroxide as described previously (38) .
The metabolism of 7ER was measured by monitoring the fluorescence change associated with the formation of the product 7-hydroxyresorufin (39) . The reactions contained the reconstituted system (0.05 μM CPR and 0.1 μM P450 for binary reconstituted systems or 0.1 μM CPR, 0.1 μM CYP2B4 and 0.1 μM CYP1A2 for ternary systems), and the alkoxyresorufin substrate in 50 mM HEPES (pH 7.5), 15 mM MgCl 2 , and 0.1 mM EDTA. The reactions were initiated by the addition of NADPH to a final concentration of 0.4 mM and incubated at 37°C. The reactions were measured in real time by excitation at 535 nm and emission at 585 nm and initial rates were calculated from the linear portion of the fluorescence versus time curve. Substrate was dissolved at a concentration of 5 μM in the buffer by drying off the solvent from a 2 mM acetonitrile stock solution under a stream of N 2 and then stirring in the buffer at a temperature of 70 o C for 1 hr.
7EC and 7EFC dealkylation were also determined by fluorescence change: Odealkylation of 7EC (excitation: 390 nm; emission: 440 nm) and 7EFC (excitation: 410 nm; emission: 510 nm). The reactions contained the reconstituted system (0.1 μM CPR and 0.2 μM P450 for binary reconstituted systems or 0.2 μM CPR, 0.2 μM CYP2B4 and 0.2 μM CYP1A2 for ternary systems), 10 mM glucose-6-phosphate, 0.5 unit of glucose-6-phosphate dehydrogenase and substrate (200 μM of 7EC or 400 μM of 7EFC) in 50 mM HEPES (pH 7.5), 15 mM MgCl 2 , and 0.1 mM EDTA. The substrates added to the assays were diluted 100-fold from stock solutions in acetonitrile. The reactions were initiated by the addition of NADPH to a final concentration of 0.4 mM and incubated at 37 o C. The rate of product formation was determined from standard curves generated from 7-hydroxycoumarin and 7-hydroxy-4-trifluoromethylcoumarin (38) .
The O-dealkylation of 4-nitroanisole was measured by the change in the absorbance (405 nm -490 nm, ε = 0.01287 μM -1 cm -1 ). The 0.1 ml reactions contained the reconstituted system (0.4 μM CPR and 0.8 μM P450 for binary reconstituted systems or 0.8 μM CPR, 0.8 μM CYP2B4 and 0.8 μM CYP1A2 for ternary systems), 10 mM MgCl 2 , 10 mM glucose-6-phosphate, 0.5 unit of glucose-6-phosphate dehydrogenase and 0.4 mM 4-nitroanisole in 100 mM potassium phosphate (pH 7.25). The reactions were initiated by the addition of NADPH to a final concentration of 0.4 mM and incubated at 37 o C. The P450GLO CYP1A2 assay was performed according to the manufacturer's instructions, the luciferin product quantified by luminescence of a luciferin standard curve. The final concentrations of assay components in the 0.05 ml reactions were the reconstituted system (0.05 μM CPR and 0.1 μM P450 for the binary systems and 0.1 μM CPR, 0.1 μM CYP1A2 and 0.1 μM CYP2B4 for the ternary reconstituted system). The luciferin-ME substrate was added to the reactions at a concentration of 400 μM. The reaction at 37 o C was initiated by the addition of 0.4 mM NADPH. The reaction was terminated after 10 min by the addition of 0.05 ml of the stopping solution provided with the kit. After mixing thoroughly, the samples were kept in the dark for 20 min before reading the luminescence with an integration time of 500 ms. All other conditions used were those specified in the manufacturer's instructions.
FPLC characterization of reconstituted systems of CPR and P450: An aliquot of the reconstituted systems designated in the text were injected on a Tricorn Superose 6 column equilibrated in 0.05 M potassium phosphate (pH 7.4), 0.2 mM EDTA, and 100 mM NaCl and run on an Akta FPLC system (GE Healthcare, Piscataway, NJ). Using this column, the sample components with a molecular mass greater than 5,000,000 Da were eluted in the void volume. The elution of cytochrome P450 from the FPLC was monitored by absorbance at 405 nm. Molecular weight standards were used to estimate sizes of the complexes.
Determination of the rate of reduction of P450 in BPC and DLPC reconstituted systems: NADPH-dependent P450 reduction was measured by monitoring the rate of formation of the ferrous P450-CO complex with an OLIS RSM-1000 (Bogart, GA) stopped flow spectrophotometer. There were two different types of reconstituted systems with which the rates of reduction were measured, and each type involved a slightly different preparation for stopped flow spectrophotometry.
For the reduction of binary reconstituted systems, the first syringe contained the reconstituted system containing CPR and P450 in phospholipid that was prepared as described above, and a deoxygenating system (comprised of 200 μM protocatecheuic acid and 0.4 unit/ml of protocatecheuic acid dioxygenase) in 100 mM potassium phosphate buffer, pH 7.4. The P450 concentration for these reconstituted systems was 7 μM. The second syringe contained 0.4 mM NADPH, and the deoxygenating system (200 μM protocatecheuic acid and 0.4 unit/ml of protocatecheuic acid dioxygenase) in 100 mM potassium phosphate buffer, pH 7.4. Prior to addition of the protocatecheuic acid dioxygenase, the sample for each syringe was bubbled for 2 to 3 min with CO. After adding the protocatecheuic acid dioxygenase, the solutions were drawn into syringes and loaded into different ports of the stopped-flow spectrophotometer. The solutions were mixed in the stopped flow spectrophotometer, and the absorbance from 275 to 565 nm was measured (62.5 scans/s for 75 s).
In order to determine if the enzymes were able to transfer electrons between vesicles, the reduction of P450 was measured by mixing simple lipid reconstituted systems of CPR and P450 in the stopped flow spectrophotometer. In this case, the first syringe of the stopped-flow spectrophotometer contained 7 μM P450 reconstituted into lipid (the BPC:P450 was 500:1, and the DLPC:P450 was 160:1), 0.33 mM NADPH, and the deoxygenating system in phosphate buffer. The second syringe contained 3.5 μM CPR reconstituted into phospholipid (at the lipid: protein ratios indicated above), and the deoxygenating system in phosphate buffer. The syringes were rapidly mixed and 32 scans from 275 nm to 565 nm were taken every second for 75 s. The rate constants and the amplitudes of reduction were determined by fitting the data for the change in absorbance at 450 nm using the successive integration option in the OLIS software and a multiphasic, exponential process with offset involving sequential, irreversible reduction of oxidized species of enzyme and one product (the ferrous-CO complex). All fits had a standard deviation of the residual fit < 5 * 10 -4 , and a Durbin-Watson ratio between 0.77 and 1.3.
Cross-linking and immunoprecipitation of BPC reconstituted systems containing CYP1A2 and/or CYP2B4: Reconstituted systems were prepared by the detergent-Biobeads method as described above at a 500:1 phospholipid to P450 ratio. The following vesicle systems were prepared: (A) CYP1A2 in BPC, (B) CYP2B4 in BPC, and (C) a mixture of CYP1A2-containing vesicles with CYP2B4-containing vesicles in BPC, and (D) CYP1A2 and CYP2B4 reconstituted into the same BPC vesicles. Each of these reconstituted systems were diluted to a concentration of 0.4 µM P450 for the simple systems (A and B), and 0.4 µM of each P450 in the binary systems (C and D) in 50 mM HEPES buffer pH 7.5 containing 15 mM MgCl 2 , 0.1 mM EDTA. Each of the reconstituted systems were cross-linked with the water-soluble, homobifunctional cross-linking agent, bis(sulfosuccinimidyl)suberate (BS 3 ) which reacts with primary amino groups. Each 100 µl reaction mixture was treated with 1 mM BS 3 for 2 min at 4 o C then quenched with 96 µl of ice cold 2x RIPA buffer (50 mM Tris, pH 7.6, containing 300 mM NaCl, 2% (v/v) Nonidet P-40, 2% (w/v) sodium deoxycholate, 0.2 % sodium dodecyl sulfate (w/v) (SDS)), and 500 mM glycine and placed in an ice bath. Samples remained on ice for 15 min before the addition of 4 µl Goat polyclonal antibody to rabbit CYP1A2 (Abcam, Cambridge, MA). Samples were then allowed to incubate for 2 hr on ice. At the end of the 2 hr incubation, 100 µl of 25% (w/v) Protein G-agarose bead (PierceThermo, Rockford, IL) slurry was added, and each sample was rocked/incubated for 1 hour at 4°C. Samples were spun for 10 s at 3500 x g; the supernatants were transferred to clean microfuge (1.5 ml) tubes; and the bead pellets were washed 4 times with 100 µl RIPA buffer. After aspirating the final wash, 100 µl of 2x loading buffer (6% (w/v) SDS; 0.01% (w/v) bromophenol blue; 24% (w/v) sucrose; 500 mM glycine; and 50 mM Tris (pH 6.8)) was added to each sample. The samples were treated with 5 µl β-mercaptoethanol before boiling for 10 min. Thirty µl of each sample was loaded onto 4-12% (w/v) SDS page gels and run for 45 min at 30 mA before running an additional 50 min at 200 V. The gels were transferred to nitrocellulose membranes and subjected to immune blot analysis. Briefly, the membrane used for CYP1A2 identification was incubated with a goat polyclonal antibody to rat CYP1A2 (Abcam) for primary antibody binding and purified recombinant Protein G-Peroxidase Conjugate (Pierce-Thermo) for detection of primary antibody binding. The membrane used for P450 2B4 detection was subjected to a mouse monoclonal antibody to rat P450 2B1 (Oxford Biomedical, Rochester Hills, MI) for primary antibody binding and anti-mouse IgG -Peroxidase Conjugate for detection of primary antibody binding. Treated blots were visualized using SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific, Waltham, MA) on a Versa Doc imager (Bio-Rad, Hercules, CA).
Results
Our laboratory has demonstrated that the presence of one P450 enzyme will affect the catalytic behavior of another P450 when together in mixed reconstituted systems (21) (22) (23) 40) . This was shown by experiments where the coreconstitution of both CYP2B4 and CYP1A2 with CPR dramatically inhibited CYP2B4-selective metabolism, and synergistically stimulated CYP1A2-dependent activities, an effect that was shown to be consistent with the formation of a CYP1A2-CYP2B4 complex. The goal of this study was to clearly demonstrate that CYP1A2 and CYP2B4 interact only when both P450s are localized into the same lipid vesicle. The strategy used to accomplish this goal was to compare the catalytic behavior of CYP1A2 and CYP2B4 when present in the same vesicles to their behavior under conditions where both proteins were present in the same solution, but in different vesicles.
FPLC comparison of reconstituted systems using BPC vesicles and DLPC liposomes:
As a first step, it was important to establish that proteins reconstituted into lipid were indeed anchored into the phospholipid membrane and did not readily translocate between vesicles. Therefore, we compared the characteristics of reconstituted systems prepared with DLPC, where the proteins were combined with preformed vesicles to those prepared with BPC, where the proteins were present at the time that the lipid vesicles were formed.
These reconstituted systems were applied to a Superose 6 gel filtration column to measure the size of resulting components. The results in Fig. 1 show that these reconstituted systems had very different characteristics.
Both DLPC (generated by sonication) and BPC (generated by the DBB method) reconstituted systems produced liposomal vesicles with a molecular size of greater than 5,000 kDa (10, 29) . However, the distribution of proteins was dramatically affected by the method of membrane preparation. As shown in Fig. 1 (curve A), CYP1A2 (based on absorbance at 405 nm) readily associated with the large BPC vesicles that eluted in the void volume of the Superose 6 column. Similarly, as reported previously, CPR (as measured by cytochrome c reduction) also eluted with the void volume in the BPC vesicles (data not shown) (10, 29) . In contrast, when the proteins were reconstituted with preformed DLPC vesicles, a different elution profile was observed. Although about 60 % of the CYP1A2 eluted with the void volume in the DLPC system, the remainder eluted as lower molecular weight complexes (Fig. 1, curve B) .
Similarly, a significant proportion of the CPR (≈ 60 %) eluted as lower molecular weight complexes (≈ 1250 kDa in size) that did not appear to incorporate into the phospholipid (data not shown).
Generally, a similar elution pattern was observed for the CYP2B4-containing reconstituted systems. When CYP2B4 was incorporated into BPC vesicles prepared by the DBB method, both CYP2B4 and CPR eluted with the void volume (Fig. 1, curve C) , consistent with their physical incorporation into the lipid.
In contrast, incubation of CPR and CYP2B4 with preformed DLPC vesicles led to the elution of only a small amount of the proteins (10 % of the P450 and 5% of the CPR) with the void volume. The majority of the proteins were associated as smaller molecular weight complexes. Nearly 40% of the CYP2B4 was associated with a 325 kDa-sized assemblage that also contained approximately 5 % of the CPR. Interestingly, the CPR was found to be mainly associated (≈ 90 %) with a 1250 kDa-sized aggregate that was also associated with the remaining 50% of the CYP2B4. These results demonstrate that the reconstituted systems in BPC prepared by the DBB method lead to the anchoring of the proteins in the lipid membrane. In contrast, although the incubation of proteins with preformed DLPC vesicles readily supports P450 dependent monooxygenase activities (28) , the proteins are distributed as complexes that are heterogeneous in nature and are not integrally attached to the membrane.
Using P450 reduction to measure the ability of the enzymes to translocate between lipid vesicles: The next experiments were designed to measure the rate of translocation of proteins between vesicles using both the BPC and DLPC reconstituted systems. This was accomplished by reconstituting CPR and P450 into separate vesicles, rapidly mixing them in a stopped-flow spectrophotometer in the presence of NADPH, and measuring the rate of first electron transfer to the P450 (Fig. 2) . Because CPR-P450 complex formation is required for efficient electron transfer to P450, this method permits the determination of the rate of complex formation between the separately reconstituted components. P450 reduction was also measured with CPR and P450 in a preformed complex, which provides a measure of the inherent rate of electron transfer between these proteins. Figure 2A shows that the mixing of CPRcontaining BPC vesicles with CYP1A2-containing BPC vesicles resulted in a slow rate of electron transfer ( Fig. 2A) . This is in contrast to the much more rapid reduction observed when both CPR and CYP1A2 were incorporated into the same BPC vesicles. These results demonstrate that CPR and CYP1A2 interact much more efficiently when anchored into the same vesicles.
Qualitatively similar results were obtained when DLPC vesicles were used. When CPR and CYP1A2 were reconstituted into separate preformed DLPC vesicles, the rate of electron transfer was slower than that observed when both proteins were incorporated into the same phospholipid vesicles.
The rate of complex formation using separate vesicles (as measured by electron transfer) was more rapid in DLPC than observed with the BPC system, consistent with the incomplete anchoring of CYP1A2 and CPR during the reconstitution process.
Similar results were observed with the CYP2B4 system when reconstituted with BPC using the DBB method.
Mixing of CPRcontaining BPC vesicles with CYP2B4-containing vesicles showed an extremely slow rate of electron transfer (Fig. 2B) , in contrast to the much more rapid reduction observed when CPR and CYP2B4 were reconstituted into the same vesicles. Again, these results demonstrate that both proteins need to be anchored into the same vesicles to permit physical complex formation and efficient electron transfer.
Reconstitution of the CYP2B4 into DLPC showed different results from those obtained with BPC ( Fig. 2B ) and with CYP1A2 in DLPC ( Fig.  2A) .
Although reconstitution of CPR and CYP2B4 into separate vesicles led to a slower rate of reduction, when compared to their coreconstitution, the difference was not nearly as dramatic as observed with the BPC system (Fig.  2B ). This could be the result of the less efficient physical incorporation of CPR and CYP2B4 into the DLPC membranes as shown in Fig. 1 , which would increase the ability of CPR and CYP2B4 to interact, even when reconstituted separately. These results also differ from those obtained with CYP1A2 in DLPC. The rates are much faster when CPR and CYP2B4 are associated with separate vesicles of DLPC as compared to CYP1A2. These results may be due to the more efficient incorporation of CYP1A2 into the DLPC vesicles as shown in Fig. 1 . Estimated kinetic parameters for the experimental data are shown in Supplemental Data.
Effect of CYP1A2 and CYP2B4 interactions on substrate metabolism in mixed reconstituted systems:
In the ER, P450s and other protein partners form complexes, at least in part, through electrostatic interactions (23, 24, 41) . With all these proteins present in the ER network, it is likely that the interactions occur by translational motion through the membrane. We prepared reconstituted systems with different combinations of CYP1A2, CYP2B4, and CPR using both DLPC and BPC systems. The purpose of these experiments was to demonstrate that CYP2B4 and CYP1A2 must be incorporated in the same phospholipid vesicle to interact and form a complex. Thus, we compared metabolism of several P450 substrates using binary systems (containing CPR and a single P450), mixed-binary (where the vesicles from two binary reconstituted systems were mixed), and ternary reconstituted systems (containing CPR and both P450s reconstituted into the same membrane).
The rationale is diagrammed in Fig. 3A . Reconstituted systems containing (a) CPR and CYP1A2, (b) CPR and CYP2B4, and (c) CPR, CYP1A2, and CYP2B4 were incorporated into BPC membranes prepared using the DBB method (29) . If the P450 enzymes were organized in the same manner in the ternary reconstituted system and in the binary systems, the metabolic rate in the ternary system would simply be the sum of the rates of the two binary systems. However, if one P450 enzyme affected the function of another P450, a non-additive effect in the ternary system would be expected. This approach has previously been used to identify functional interactions between different P450 enzymes in reconstituted systems using DLPC as the phospholipid source (21) . The advantage of incorporation of the proteins into BPC using the DBB method is that the proteins are integrally incorporated into the lipid vesicle. Thus, in this study using BPCBiobeads, we also examined substrate metabolism in a system where CPR/CYP1A2 vesicles and CPR/CYP2B4 vesicles were mixed to determine if metabolism was affected when both P450 enzymes were present in the assay but were unable to physically interact.
First, and as confirmation of the data on first electron transfer, the data show that incorporation of CPR and CYP1A2 into separate membranes was unable to adequately support 7-ethoxyresorufin dealkylation (Fig. 3B) . The rate of 7ER metabolism (CPR/BPC + 1A2/BPC in Fig.  3B ) was less than 6% of the rate of the CPR/CYP1A2 binary reconstituted system. The low rate of turnover when the CPR and P450 were reconstituted into separate vesicles indicates that the enzymes were effectively "anchored" in their respective vesicles over the time course of the reaction. These results demonstrate that CPR and CYP1A2 cannot effectively interact when anchored into different vesicles -a physical interaction between CPR and CYP1A2 is required for 7-ethoxyresorufin metabolism to occur. Fig. 3B also shows the potential for interactions between CYP1A2 and CYP2B4 using the strategy described above. 7-ethoxyresorufin (7ER) is predominantly a CYP1A2-selective substrate, exhibiting a 7-fold higher rate of metabolism with CPR/CYP1A2 than with CPR/CYP2B4 in binary reconstituted systems (Fig. 3B) . As reported previously with the DLPC system (22), the combination of CYP2B4 and CYP1A2 in the same reconstituted system (CPR/1A2/2B4) resulted in a dramatic activation of 7-ER metabolism, producing a 66% increase over the sum of the rates of the two binary reconstituted systems. Furthermore, mixing of the two binary reconstituted systems produced a rate that was equal to the sum of the individual binary systems, indicating that the presence of both P450 enzymes in the same incubation was not, in itself, sufficient to affect the rate of substrate dealkylation -both P450s needed to be in the same vesicles in order to interact. Fig. 3C shows the rates of 7ER metabolism associated with reconstituted systems prepared in DLPC. Again, 7ER was shown to be predominantly a CYP1A2-selective substrate, although the reaction was better supported by CYP2B4 in the DLPC reconstituted system than was observed in BPC. When CPR, CYP2B4 and CYP1A2 were reconstituted into the same DLPC vesicles a synergistic stimulation of 7ER metabolism was observed, although the response was only elevated by about 20%. This was a much smaller response than that observed with the BPC vesicles. This stimulation was not observed when the two binary systems were mixed; in fact, the rate was slightly less than the sum of the rates by the binary systems.
The potential for CPR in one vesicle to support CYP1A2 metabolism (in another vesicle) was also shown in Fig. 3C using the DLPC system. Consistent with the data observed with the BPC system, the rate of 7-ER metabolism when CPR and CYP1A2 were reconstituted into separate vesicles was much lower than when both proteins were co-reconstituted. The slightly higher rate of metabolism in DLPC was likely due to the less efficient incorporation of the proteins into DLPC (Fig. 1) , and their greater potential to interact. Fig. 4 shows the results obtained when metabolism by CYP1A2 and CYP2B4 was measured using 7EFC, a substrate that is selective for CYP2B4. In contrast to the stimulation observed with the CYP1A2-selective substrate, 7-EFC metabolism was inhibited by 40% when both proteins were in the same BPC vesicles (Fig. 4A ). This inhibition was not observed when the P450 proteins were anchored into separate vesicles, supporting the idea that the proteins need to be in the same vesicles to interact. The complex between CYP1A2 and CYP2B4 takes on more of a CYP1A2 character when the enzymes are present in mixed reconstituted systems than is expected by the catalytic characteristics of the individual P450s as previously described (22, 23) .
Analogous experiments using the DLPC system produced qualitatively similar, but less clear-cut results. Mixed reconstituted systems (containing both P450s and CPR in the same vesicles) exhibited about a 30% inhibition of 7-EFC metabolism.
However, a small but significant amount of inhibition (15%) was also observed when CYP1A2 and CYP2B4 were reconstituted into separate DLPC vesicles. This inhibition was likely due to the less efficient anchoring of the proteins into their respective DLPC membranes, permitting cross-vesicle interactions to occur.
When CPR-containing vesicles were mixed with CYP2B4-containing vesicles, different results were obtained in the BPC and DLPC systems. Whereas 7EFC was not metabolized in the BPC system when mixing of CPR vesicles with CYP2B4 vesicles (Fig. 4A) , the same experiment in DLPC yielded a significant amount of product formation (Fig. 4B) . Again, these results can be explained due to the inefficient anchoring of proteins in their respective DLPC vesicles, allowing exchange of proteins between the different DLPC pools. Tables 1 and 2 show the rates of metabolism of several additional substrates by binary, mixed-binary, and ternary systems of CYP1A2, CYP2B4, and CPR reconstituted in liposomes of BPC (Table 1) and DLPC (Table 2) . In each case, CYP1A2-selective substrates showed a synergism of their activities (7-ER, and luciferin methyl ester) when both P450s were present in the same vesicles (ternary reconstituted systems), ranging from 66%-105% stimulation. In contrast, CYP2B4-selective substrates (7EFC, BZP, 7EC, and PNA) were inhibited in the ternary reconstituted systems. Using the BPC vesicle systems, the degree of inhibition varied from 28% (BZP) to 50% (PNA). Similar results were observed with the DLPC systems.
Evidence for Physical Complex Formation between CYP1A2 and CYP2B4 by Chemical
Cross-linking: In order to provide additional evidence for the formation of physical complexes between CYP1A2 and CYP2B4, the bifunctional amine-reactive compound, BS 3 , was used to chemically cross-link the following BPC reconstituted systems: (1) vesicles containing only CYP1A2, (2) vesicles containing only CYP2B4, (3) a mixture of the CYP1A2 vesicles with the CYP2B4 vesicles, and (4) a reconstituted system containing both CYP1A2 and CYP2B4 in the same vesicles. Each of these cross-linked samples was immunoprecipitated with anti-CYP1A2, subjected to SDS-PAGE, and blotted with anti-CYP1A2 and anti-CYP2B4 antibody (Fig. 5) .
Cross-linking led to multiple high molecular weight bands on both the CYP1A2 and CYP2B4 immune blots. Cross-linking and immunoprecipitation of vesicles containing only CYP1A2 showed high molecular weight complexes when immune blotted with anti-CYP1A2 (Fig. 5A, lane 1) . These results show that CYP1A2 is capable of forming homomeric complexes. Similar complexes were observed with reconstituted systems containing separate and combined vesicles (Fig. 5A, lanes 3 and 4) . High molecular weight complexes were not immunoprecipitated from vesicles containing only CYP2B4, attesting to the specificity of the antibody.
Some higher molecular weight complexes were observed without crosslinking of the proteins (Fig. 5A, lanes 7-10) .
In Fig. 5B , samples that were immune blotted with anti-CYP2B4 antibody provided evidence for the formation of CYP1A2-CYP2B4 complexes.
Cross-linked CYP1A2-containing vesicles showed no immunoreactivity with anti-CYP2B4 showing the specificity of the antibody (Fig. 5B, lane 1) . Vesicles containing only CYP2B4 were unable to be immunoprecipitated with anti-CYP1A2 and consequently showed no evidence of higher molecular weight complexes (Fig. 5B, lane 2) . A similar result was observed when CYP1A2-containing vesicles were mixed with CYP2B4-containing vesicles (Fig. 5B, lane  3) . Although both P450s were present during the immunoprecipitation with anti-CYP1A2, the antibody was unable to immunoprecipitate CYP2B4. However, when both proteins were present in the same vesicles, significant evidence for high molecular weight CYP2B4-containing complexes was found (Fig. 5B, lane 4) . Such complexes were not observed without crosslinking of the samples (lanes 7-10) . These results conclusively demonstrate that CYP1A2 and CYP2B4 form heteromeric complexes when present in a phospholipid membrane, and that complex formation requires both proteins to reside in the same membranes.
Discussion
Several studies have shown that the metabolism of numerous substrates by a given P450 enzyme is altered in the presence of other P450s (21, 25, (42) (43) (44) . The specific interaction with mixed reconstituted systems containing both CYP1A2 and CYP2B4 was observed kinetically as a dramatic inhibition of CYP2B4-selective activities and a synergism of CYP1A2-selective activities, a characteristic that was more pronounced at subsaturating CPR levels. This process could not be explained by a simple competition between these P450s for the CPR (22) , but could best be explained through the formation of a CYP2B4-CYP1A2 complex, having functional characteristics that differed from the individual P450s. A similar effect was shown with the CYP1A2-CYP2E1 system (23).
Yamazaki (45) reported that CYP3A4-mediated testosterone 6β-hydroxylation was stimulated by the presence of CYP1A2, but not other P450s. Evidence for homomeric P450-P450 interactions was also shown with CYP3A4 (46) . In this study, first electron transfer to CYP3A4 was examined in reconstituted systems, which allowed for CYP3A4-CYP3A4 interactions, and with monomeric P450 (in nanodiscs or detergent systems). Whereas the reconstituted systems exhibited a biphasic reduction, the reduction of the monomeric CYP3A4 systems was monophasic, consistent with the P450-P450 interactions affecting function via conformational effects on oligomerization (46) . Evidence for homomeric complexes with CYP2E1 has also been obtained (47) .
Not all P450s appear to form complexes that affect P450 function. Tan et al. (43) demonstrated that CYP2A6-dependent coumarin hydroxylation was inhibited by the presence of CYP2E1, a response that was relieved at elevated CPR. Li et al. reported similar results by coexpressing CYP2D6, CYP3A4 and subsaturating CPR in E. coli (44) . Our laboratory obtained similar findings with CYP2B4 and CYP2E1, exhibiting kinetic behavior similar to competition between monomeric P450s and CPR (24) . Results from all three studies are consistent with two P450 enzymes simply competing for the limiting CPR. These data can be readily explained without the requirement for the formation of heteromeric P450-P450 complexes.
Recent studies have shown that allowing the vesicles to form around the proteins (as with the detergent-dialysis, -gel filtration, andBiobeads methods) leads to more efficient incorporation and anchoring into the phospholipid membrane (10, 29) . When the proteins were integrally incorporated into separate vesicles, as shown with the BPC reconstituted system, their mixing did not lead to significant interactions between the P450s. The differences between the BPC and DLPC reconstituted systems can also be explained based on the efficiency of incorporation. When the binary systems were combined, the reaction rates in the DLPC system were higher than observed with BPC, which is consistent with the proteins in DLPC having an increased ability to translocate and form functional complexes. Gel filtration analysis confirmed the less efficient anchoring of these proteins into DLPC vesicles. This difference in the ability of proteins to be anchored into phospholipid vesicles may be partly due to differences in methodology for vesicle production and protein incorporation (i.e. proteins added to preformed vesicles as opposed to the formation of vesicles around the proteins), but also is a function of the phospholipid employed. In the latter case, more efficient CYP2B4 incorporation was observed when longer chain phospholipids were used, even when the proteins were simply added to preformed BPC vesicles (10) .
There are several conclusions to be drawn from these experiments. First, CPR and P450 need to be present in the same vesicle in order to effectively interact, which is supported by the extremely slow rates of electron transfer observed when CPR and P450 were integrally incorporated into different vesicles (Fig. 2) .
Second, there does not appear to be a diffusible species (e.g. superoxide or peroxide) that can support these monooxygenation reactions, at least for the P450 enzymes and substrates examined in this study. This conclusion is supported by the inefficient substrate metabolism when CPR and P450 are reconstituted into separate vesicles. These preparations exhibit slow rates of both electron transfer, and substrate turnover.
Third, the changes in monooxygenase function resulting from the interaction between different P450 enzymes require that both P450s exist in the same vesicles. When different P450 enzymes are present in separate vesicles, the inhibition of CYP2B4-selective activities or the synergism of CYP1A2-selective activities were not observed. Similarly, when the P450 enzymes were incorporated in separate vesicles, there was little tendency for the formation of heteromeric complexes when the separate, simple systems were cross-linked with BS 3 . However, when the enzymes were incorporated in the same lipid vesicles, the formation of mixed CYP1A2-CYP2B4 complexes was evident.
An unexpected result from the crosslinking experiments (Fig. 5) was that instead of only a few discrete high molecular weight bands representing dimers, trimers, tetramers and higher order complexes, additional bands were obtained that became a smear on the gel particularly above 250 kD. There are two possible reasons for this effect. First, cross-linking may differentially influence the mobility of the protein aggregates due to reactions with different amounts of chemical cross-linker. Complexes may contain different amounts of cross-linker attached. This could lead to variability in SDS association with the proteins, and result in altered electrophoretic mobility, producing indistinct "smears" on the gels at molecular weights greater than 250 kDa. A second reason for the band smearing is likely a result of the difference in size between CYP2B4 and CYP1A2. CYP2B4 has a molecular weight of 48 kDa, whereas, CYP1A2 has a molecular weight of 53 kDa. Thus, homomeric and heteromeric complexes of the enzymes would be expected to have different electrophoretic mobilities. For example, there are two trimers that could be immunoprecipitated having different mobilities: 2B4/2B4/1A2 and 2B4/1A2/1A2. The multiplicity of these complexes would become more pronounced as complex size is increased.
We have put forth a mechanism to explain how the presence of multiple P450 enzymes changes the metabolism by the individual isoforms. It is presumed that CYP1A2 and CYP2B4 form a heteromeric complex that results in the CYP1A2 moiety of the complex having a higher CPR-binding affinity than it does when not associated with the CYP2B4. Interestingly, a study utilizing computer modeling of the existing crystal structures of P450 enzymes has provided support for this idea by showing that specific heterodimers of P450 enzymes (which are formed in the presence of some substrates) induce changes in the CPR-binding affinity of the constituent P450 enzymes in the complex (48) . Our findings suggest that the binding of most, if not all, of the CYP1A2 and CYP2B4 substrates induce this putative heteromeric complex formation. However, judging by the relative magnitude of the effects, the substrates probably have varying tendencies to induce the formation of these complexes.
The drug metabolic capacity of the liver phase 1 enzymes has been considered to be the sum of the metabolic activities of the individual components. Because of the presence of multiple P450 enzymes, higher levels of a specific isoform would be expected to proportionally influence flux through a particular pathway. However, several factors may affect this simplified description. First, the limiting levels of NADPH-cytochrome P450 CPR may affect overall drug disposition by restricting electron flow through particular P450 enzymes. Second, the presence of cytochrome b 5 may differentially affect drug disposition in a substrate-and isoform-dependent manner. Finally, the results of the current study clearly demonstrate that organizational factors can have a significant influence on P450 function as a result of the potential of different P450 enzymes to form heteromeric complexes.
Consequently, the predicted behavior of a particular P450 enzyme in a simple reconstituted system may not adequately predict its behavior in microsomal systems where other P450 enzymes may be present. (CPR/1A2); and (c) a mixture of these two binary systems (CPR/1A2 + CPR/2B4); and (d) a ternary system containing CPR, CYP1A2, and CYP2B4 (CPR/1A2/2B4) were incorporated into BPC membranes prepared using the DBB method and were used to measure the rate of metabolism of the listed substrates as described in Experimental Procedures. The abbreviations in the top row represent the components contained in the different reconstituted systems tested. When the components are separated by a "/", the enzymes were incorporated in the same lipid vesicles as a binary or ternary system. The "+" symbol is used to indicate the mixing of separate reconstituted systems immediately before performing the enzyme assays. The values represent the mean (expressed as nmol/min) ± the standard deviations of triplicate determinations. 1 The sum of the rates of the two binary systems containing CPR and one of the P450 enzymes are shown to indicate the rates expected if the two P450s did not interact with one another in the mixed systems. 2 The numbers in parentheses represent the % change when compared to the sum of the binary systems. With all of the substrates the rates of metabolism by the mixed binary and the ternary systems were statistically significant (P<0.01) when analyzed by an unpaired t-test. N.D. -not detected. 3 Indicates that metabolism was measured after mixing a simple reconstituted system of CYP1A2 in BPC with a simple system of CPR in BPC. This condition served as a negative control for CYP1A2-specific substrates to show that the CPR and P450 did not interact when in separate BPC vesicles. 4 Indicates that metabolism was measured after mixing a simple reconstituted system of CYP2B4 in BPC with a simple system of CPR in BPC. Table 1 were prepared in DLPC and were used to measure the metabolism of the listed substrates as described in Experimental Procedures. The abbreviations used are the same as those indicated in Table 1 . The values represent the mean (nmol/min) ± the standard deviations of triplicate determinations. The scans were generated by measuring the anaerobic reduction of (A) CYP1A2-or (B) CYP2B4-containing vesicles by CPR when the enzymes were reconstituted together (CPR/P450) or separately (CPR + P450) in phospholipid (either "BPC" or "DLPC", as indicated). When CPR and P450 were reconstituted separately in phospholipid, each reconstituted system was placed in separate syringes of the stopped flow spectrophotometer, the NADPH was added to the syringe containing the P450, and the time course of reduction was monitored as described in Experimental Procedures. When the NADPHdependent reduction of the binary system containing CPR, P450, and lipid was measured, the reconstituted system from one arm of the stopped flow spectrophotometer was mixed with a solution of NADPH from the other arm of the instrument as described in Experimental Procedures. The rate of 7ER metabolism by binary systems of CYP2B4 and CPR (2B4/CPR) and CYP1A2 and CPR (1A2/CPR); mixed binary systems (2B4/CPR + 1A2/CPR); and the ternary system (1A2/2B4/CPR) was measured in BPC using the glycocholate-detergent method for preparation of the reconstituted system. In addition, the sum of the means of the rates by the binary systems is shown to represent the rate that would be expected by the mixed systems if there was no interaction between the P450 enzymes that influenced metabolism. A negative control of a mixture of the simple systems in which the CPR and the P450 enzyme were incorporated in separate lipid vesicles is also shown (1A2 + CPR). The symbol (*) denotes a significant difference from the "Sum" group (p < 0.05). (C) The rates of 7ER metabolism by binary, mixed-binary, and ternary reconstituted systems of CYP1A2, CYP2B4, and CPR in DLPC. Reconstituted systems were the same as described in "B" except that the proteins were reconstituted into preformed DLPC vesicles. A negative control of a mixture of the simple systems in which the CPR and the P450 enzyme were incorporated in separate lipid vesicles is also shown (1A2 + CPR). followed by immunoprecipitation with anti-CYP1A2 and immune blotting. The following reconstituted systems were prepared using BPC: (1) vesicles containing only CYP1A2, (2) vesicles containing only CYP2B4, (3) a mixture of CYP1A2 vesicles with CYP2B4 vesicles, and (4) a reconstituted system containing both CYP1A2 and CYP2B4 in the same vesicles. As described in 
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